Introduction
Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) catalyzes the irreversible carboxylation of phosphoenolpyruvate (PEP) to yield oxaloacetate and P i . The enzyme fulfils a wide range of metabolic roles in vascular plants, green algae, and eubacteria. PEPC is vital for photosynthetic CO 2 assimilation in C4 and CAM leaves, whereas C3 PEPCs are mainly involved in the anaplerotic replenishment of citric acid cycle intermediates. Vascular plant and bacterial PEPCs are generally homotetramers having a subunit molecular mass of 100-110 kDa. However, a number of reports describe different molecular structures and even dynamic rearrangements (subunit association-disassociation) of vascular plant PEPCs. A heterotetrameric PEPC, for example, was purified from ripening banana fruit (Law and Plaxton 1995) . This enzyme forms a tight complex with a regulatory PEPC protein kinase Andreo et al. 1987 , and references therein). The quaternary structure of purified maize leaf PEPC, as reflected by its equilibrium between PEPC dimers and tetramers, was influenced by the presence of the organic co-solute glycerol (Podestá and Andreo 1989) . Another study reported that the dimer to tetramer ratio of maize leaf PEPC was influenced by protein concentration with high concentrations favouring tetramer formation (McNaughton et al. 1989) . Similarly, Crassula argenta PEPC (CAM form) has been suggested to exist as tetramers at night and dimers in the light (Wu and Wedding 1985) . Nevertheless, there is no consensus on the role that subunit associationdisassociation plays in the physiological regulation of vascular plant PEPC (Chollet et al. 1996) . In contrast, there is substantial evidence that allosteric effectors and reversible phosphorylation have an important function in the in vivo control of vascular plant C4, C3, and CAM PEPC (Chollet et al. 1996) . In all vascular plant PEPCs examined to date, a specific Ca 2+ -insensitive Ser/Thr PEPC kinase (EC 2.7.1.13) phosphorylates a Ser residue located near the enzyme's conserved N-terminus, thereby attenuating PEPC's sensitivity to malate inhibition (Vidal and Chollet 1997) .
In contrast to the abundance of literature on vascular plant PEPC, relatively little is known about the enzyme in unicellular green algae. Using Selenastrum minutum and Chlamydomonas reinhardtii as model systems, we have determined that green algal PEPC biochemistry is complex, and that the molecular, immunological, and kinetic/regulatory features of green algal PEPC are quite dissimilar from those of vascular plant PEPCs (Rivoal et al. 1996 , Rivoal et al. 1998 , Rivoal et al. 2001 . In both S. minutum and C. reinhardtii two novel classes of PEPC isoforms exist that exhibit strikingly different molecular, kinetic and regulatory properties (Rivoal et al. 1996 , Rivoal et al. 1998 ). Class 1 PEPCs (i.e. PEPC1 in S. minutum) are homotetramers that exhibit cooperative PEP saturation kinetics, a low affinity for PEP, and potent feedback inhibition by metabolite effectors such as malate, glutamate, and glutamine (Rivoal et al. 1996 , Rivoal et al. 1998 . Class 2 PEPCs have only been described in green algae, and generally represent the majority of extractable algal PEPC activity. In S. minutum, Class 2 PEPC corresponds to three large protein complexes (PEPC2, PEPC3 and PEPC4) having molecular masses in excess of 1,000 kDa. These Class 2 PEPCs display similar kinetic features including hyperbolic PEP saturation kinetics, a relatively low K m for PEP, and a general insensitivity to metabolic effectors (Rivoal et al. 1996 , Rivoal et al. 1998 . Two immunologically unrelated PEPC catalytic subunits are present in the Class 2 PEPC complexes of S. minutum: a 102 kDa polypeptide (p102) also present in the PEPC1 homotetramer, and a 130 kDa polypeptide (p130) that is unique to Class 2 PEPCs (Rivoal et al. 2001) . Different stoichiometric arrangements of p102, p130 and unidentified polypeptides of 73 and 65 kDa give rise to the various protein complexes of Class 2 PEPCs of S. minutum.
To date, no information is available on the phosphorylation of green algal PEPCs. We have determined that the Nterminal sequence of S. minutum and C. reinhardtii PEPC subunits do not exhibit any significant similarity with the wellcharacterized N-terminal PEPC phosphorylation domain of vascular plant PEPCs (Rivoal et al. 1998 , Rivoal et al. 2001 ). Nevertheless, it is possible that reversible phosphorylation is involved in the regulation of this important enzyme in green algae. In the present study, we provide the first evidence that phosphorylation may play a role in the structural organization and control of green algal PEPC. Firstly, we demonstrate that the two known PEPC catalytic subunits of S. minutum (p102 and p130) can be phosphorylated in vitro by endogenous S. minutum protein kinase(s). In particular, we discovered that a PEPC protein kinase co-purifies with S. minutum PEPC1. Secondly, we present circumstantial evidence that phosphorylation status modulates the structural organization and activity of the Class 2 PEPC isoforms of S. minutum.
Results
Co-purification of S. minutum PEPC1 and PEPC (p102) kinase PEPC1 was purified from nutrient-sufficient S. minutum cells as previously described (Rivoal et al. 1996 , Rivoal et al. (1 mg) was incubated in the standard phosphorylation reaction mixture containing 100 mM [g-32 P]ATP. The reaction was terminated at various times by the addition of SDS-PAGE sample buffer and immediate boiling for complete inactivation. Samples were analyzed on 7.5% (lanes 1-6) and 15% (lanes 7-12) acrylamide gels. After electrophoresis, the gels were dried and subjected to autoradiography for 3 h. Incubation times were 0 min (lanes 1, 7), 0.5 min (lanes 2, 8), 5 min (lanes 3, 9), 10 min (lanes 4, 10), 20 min (lanes 5, 11) and 30 min (lanes 6, 12). The running position of High Range (left) and Low Range (right) prestained calibrated molecular weight standards (BioRad) are shown on the side. (C) Stoichiometry of PO 4 incorporation into p102. Various amounts of PEPC1 were incubated for 20 min in standard phosphorylation reaction mixture, and then subjected to SDS-PAGE on a 7.5% acrylamide gel. Gel segments containing Coomassie R-250 stained 102 kDa polypeptides (p102) were excised, solubilized, and subjected to scintillation counting.
32 P incorporation stoichiometry was determined using a specific radioactivity value of 11,000 dpm pmol -1 for [g-32 P]ATP and a molecular mass of 102 kDa for p102. Data are means ± SE (n = 3).
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). The final preparation (Fig. 1A) was >95% homogenous as judged by SDS/PAGE analysis, Coomassie staining and image analysis. This preparation contained a protein kinase (henceforth 'p102 kinase') that phosphorylated the PEPC1 p102 subunit in a time dependent manner (Fig. 1B) . No other phosphorylated protein could be detected in the purified PEPC1 fraction. The labeling migrating with an apparent molecular mass of 40 kDa at the bottom of the 7.5% acrylamide gel (Fig. 1B, left panel) corresponds to the tracking dye migration front containing unincorporated [C-32 P]ATP. Indeed, no polypeptides other than p102 were observed when a 15% acrylamide gel was employed (Fig. 1B, right panel) . The activity of p102 kinase exhibited a broad pH optimum between 7 and 9 (not shown). Incorporation of 32 P into p102 from [C- 32 P]ATP levelled off after 20 min incubation under our experimental conditions. p102 phosphorylation was absolutely dependent upon the presence of MgCl 2 (not shown), insensitive to EGTA (not shown) and was proportional to the amount of purified PEPC1 in the assay medium (Fig. 1C) . A maximum stoichiometry of 0.29 mol PO 4 /mol p102 was calculated using 32 P as a tracer (Fig. 1C ). The p102 kinase activity was assayed in all fractions obtained during the various chromatographic steps used for PEPC1 purification. The elution pattern of the homotetrameric PEPC1 on the various matrices is well characterized (Rivoal et al. 1996 , Rivoal et al. 2001 ). Coelution of p102 kinase and PEPC1 was observed at all stages of the purification. During Butyl Sepharose chromatography ( Fig.  2A) , the elution profiles for PEPC and p102 kinase activities were slightly dissimilar. This corresponds to the already noted fact (Rivoal et al. 2001 ) that the various S. minutum PEPC isoforms differentially elute from the hydrophobic matrix, with PEPC1 (p102 homotetramer) eluting preferentially in the latter portion of a single PEPC activity peak. The p102 kinase activity followed the known PEPC1 elution pattern (Rivoal et al. 2001) . During DEAE-Fractogel fast protein liquid chromatography (FPLC) (Fig. 2B ), p102 kinase activity was associated solely with the first PEPC activity peak, which corresponds to PEPC1. No p102 kinase activity was associated with the second PEPC activity peak from the DEAE-Fractogel column, which corresponds to the Class 2 PEPC complexes (i.e. PEPC2-PEPC4) (Rivoal et al. 1996 ). An exact co-elution of PEPC1 and the p102 kinase activities was observed during the final two steps of PEPC1 purification, namely Superose 6 ( ) for increased sensitivity. We also failed to detect protein kinase activity in these fractions using casein and histone as exogenous substrates. Thus, a protein kinase using p102 as a substrate appears to be tightly bound to, and co-purifies with, the PEPC1 isoform. This activity may be carried by one of the polypeptides present at very low levels in purified PEPC1 (e.g. Fig. 1A, lane 4) . The fact that we were unable to detect protein kinase activity in purified Class 2 PEPCs, however, does not preclude the possibility that a copurifying PEPC kinase is present, but non-functional under our experimental conditions.
A protein kinase present in clarified S. minutum extracts phosphorylates the p130 subunit of PEPC2
In order to determine whether Class 2 PEPCs can be phosphorylated, we incubated purified PEPC2 in the phosphorylation reaction mixture in the presence or absence of a freshly prepared S. minutum clarified extract. As expected, a few 32 Plabeled polypeptides appeared when the clarified extract alone was incubated in the phosphorylation reaction mixture (Fig.  3A, lane 1) . This is likely due to the presence of endogenous protein kinases that phosphorylate several polypeptides in the clarified extract. When PEPC2 was incubated in the phosphorylation assay mixture in the presence of the clarified extract, labeled p130 could be detected (Fig. 3A, lane 2) . As noted above, PEPC2 alone did not show any autophosphorylation Fig. 3 In vitro phosphorylation of PEPC2 subunit p130 by a clarified S. minutum extract. Phosphorylation assays were carried out by incubating a clarified extract (35 mg protein) in the absence (lane 1) and presence (lane 2) of purified PEPC2 (2.5 mg). Lane 3 represents 2.5 mg of PEPC2 incubated in the absence of the S. minutum clarified extract. PEPC2 was subjected to microdialysis against PEPC extraction buffer prior to the experiment. Following a 20 min incubation at 25°C, polypeptides were analyzed by SDS-PAGE and (A) subjected to autoradiography for 16 h, (B) detected using staining with Coomassie blue R-250 and (C) blotted to a poly(vinylidene difluoride) membrane and subjected to immunodetection using affinity-purified anti p130 IgGs. Fig. 4 Effect of mammalian PP2A 2 treatment of purified S. minutum PEPC2 on the enzyme's Superose 6 FPLC elution profile. (A) Aliquots of dialyzed PEPC2 were incubated for 30 min at 25°C in dephosphorylation buffer in the absence (closed circle) or presence (open circle) of 5 mU PP2A 2 , or 5 mU PP2A 2 plus 50 mM microcystin-LR (not shown) and subjected to Superose 6 FPLC. The plots are the means ± SE of three separate experiments. The respective elution volumes of purified PEPC2, PEPC3 and PEPC4 isoforms on this column are indicated with arrows. (B) Immunoblot analysis of 20 ml aliquots of representative Superose 6 fractions denoted in panel A. The blots were probed with affinity-purified anti-(S. minutum p102) or IgG anti-(S. minutum p130) IgG (Rivoal et al., 2001) as indicated. These immune sera respectively cross react specifically with the 102 and 130 kDa polypeptides of PEPC2. Incubation conditions were as follows: Control, PEPC2 incubated in dephosphorylation buffer for 30 min; +PP2A 2 + microcystin-LR, Control conditions + 5 mU PP2A 2 and 50 mM microcystin-LR; + PP2A 2 , Control conditions + 5 mU PP2A 2 . The numbers above the immunoblots refer to the fractions. activity (Fig. 3A, lane 3) . Fig. 3B and 3C show similar gels subjected respectively to Coomassie blue R-250 staining and immunoblot analysis using affinity purified anti-p130 IgGs. The p130 polypeptide identified in panels B and C coincides with the labeled polypeptide in panel A. These results can be explained if a protein kinase present in the clarified extract uses p130 as substrate. Alternatively, a factor present in the clarified extract could activate a protein kinase already present in the PEPC2 complex.
Protein phosphatase 2A (PP2A) treatment of PEPC2 increases the apparent M r of the protein complex
In order to further investigate the possible function of phosphorylation/dephosphorylation in the structural organization of algal PEPCs, we conducted in vitro dephosphorylation experiments on purified PEPC1 and PEPC2. Dephosphorylation reactions were carried out using bovine kidney PP2A 2 . PP2A appears to be responsible for the regulatory dephosphorylation of vascular plant PEPCs (Chollet et al. 1996) . Following PP2A treatment, PEPC1 and PEPC2 were analyzed via Superose 6 FPLC. We found no evidence for a change in the elution pattern of PEPC1 following its incubation with PP2A 2 (not shown). However, an identical treatment of PEPC2 caused PEPC activity (Fig. 4A ) and the Superose 6 elution profile of p102 and p130 (Fig. 4B ) to shift towards higher apparent M r values. The M r values of the shoulders appearing after PP2A treatment (Fig. 4A) coincided exactly with the elution volumes of purified PEPC3 and PEPC4 used to calibrate this column (e.g. Fig. 5B ). This effect was negated when 50 mM microcystin-LR, a potent inhibitor of PP2A, was present during PP2A 2 treatment of PEPC2 (Fig. 4B ).
Partial purification of S. minutum PEPC isoforms in the presence or absence of phosphatase inhibitors
We further investigated the influence of phosphorylation status on the in vitro oligomerization of green algal PEPCs by purifying S. minutum Class 1 and Class 2 PEPC isoforms under two different conditions. One set of conditions is described in 
Table 1 Purification of Class 1 and Class 2 PEPC isoforms from 10 g of S. minutum cells in the presence or absence of phosphatase inhibitors
Protein concentrations were determined according to Bradford (1976) , and PEPC activity was determined spectrophotometrically using a coupled enzyme assay. Conditions for PEPC purification in the presence or absence of the phosphatase inhibitors NaF and microcystin-LR are described in Materials and Methods. Values from representative experiments are shown.
Step the Materials and Methods section as the analytical PEPC purification protocol. It is a scaled-down version of our standard PEPC purification protocol (Rivoal et al. 2001) . The other set of conditions was aimed at suppressing the action of endogenous phosphatases throughout the purification. To achieve this we added: (i) 25 mM NaF (a general phosphatase inhibitor) to the extraction and chromatography buffers, and (ii) 50 mM microcystin-LR to the extraction buffer, as well as to all buffers used to store the enzyme between chromatographic steps. Class 1 and Class 2 PEPCs from N-sufficient S. minutum were partially purified by polyethylene glycol and ammonium sulfate fractionation, followed by Butyl Sepharose Fast Flow, DEAE-Fractogel, and Superose 6 chromatographies (Table 1) . Total extractable PEPC activity and PEPC specific activity were significantly (at least 40%) lower when the cells were extracted in the presence of the phosphatase inhibitors. DEAE Fractogel FPLC revealed that this difference could be attributed solely to a reduction in the activity of Class 2 PEPCs (Table 1 , Fig. 5A ). As judged from the results of three independent experiments, the final specific activity of Class 1 PEPC was unaffected by purification in the presence of the phosphatase inhibitors, whereas that of Class 2 PEPCs was reduced by over 80% (Table 1 ). The Superose 6 FPLC elution profile of the Class 2 PEPCs was also dramatically influenced when PEPC purification was carried out in the presence of the phosphatase inhibitors (Fig. 5B ). In the absence of phosphatase inhibitors, Class 2 PEPCs eluted as a series of peaks with molecular masses higher than 1,000 kDa (Rivoal et al. 1996 , Rivoal et al. 2001 . However, during the enzyme's isolation in the presence of phosphatase inhibitors, the Class 2 PEPC elution profile was spread out over a much lower molecular mass range (approx. 400 to 1,000 kDa) (Fig. 5B) . Immunoblot analysis confirmed that Class 2 PEPCs isolated using this latter protocol contained the p102 and p130 subunits (not shown). These data support the view that dephosphorylated Class 2 PEPCs have a larger M r than phosphorylated Class 2 PEPCs.
Discussion
In vitro phosphorylation of S. minutum PEPC Our results demonstrated that the 102 kDa subunit (p102) of purified S. minutum PEPC1 was phosphorylated by a copurifying p102 kinase (Fig. 1) . That this protein kinase is tightly associated with PEPC1 was demonstrated by the coelution of the two activities throughout all chromatographic steps used during PEPC1 purification (Fig. 2) . Co-purification of PEPC and PEPC kinase has also been observed during PEPC's isolation from ripening banana fruit (Law and Plaxton 1997) , and Mesembryanthemum crystallinum leaves (Baur et al. 1992) . In both instances, phosphorylation of PEPC significantly reduced the enzyme's sensitivity to glutamate and/or malate inhibition (Baur et al. 1992, Law and Plaxton 1997) . The interaction between p102 and a protein kinase does not establish the physiological relevance of the kinase. Therefore the possible relevance of S. minutum p102 kinase-mediated phosphorylation of p102 to PEPC1 control will require further investigation. However, our results provide the first indication that a green algal PEPC is a substrate for an endogenous protein kinase. The calculated maximum stoichiometry of 0.29 mol PO 4 /mol p102 indicates that phosphate transfer from ATP to p102 was not trivial. A similar stoichiometry has also been observed during in vitro phosphorylation of purified banana PEPC by its co-purifying PEPC kinase (Law and Plaxton 1997) . Interestingly, the N-terminal sequence of an algal PEPC1 does not have significant similarities with that of vascular plants (Rivoal et al. 1998 ). This suggests that the mechanisms underlying PEPC1 phosphorylation differ significantly from what is known in vascular plants. No PEPC kinase activity could be detected with a purified Class 2 PEPC under the conditions employed. Nevertheless, the p130 subunit present in the PEPC2 complex was phosphorylated by a protein kinase activity present in a clarified S. minutum extract (Fig. 3) . Interestingly, in vitro phosphorylation of the p102 subunit of PEPC2 was not detected during this experiment. This may reflect the fact that the p130 protein kinase is highly specific for its substrate, or that the p130 protein kinase and/or p102 protein kinase do not have access to the p102 subunit because it is buried within the PEPC2 complex. Taken as a whole, these data demonstrate that both identified S. minutum PEPC subunits can be phosphorylated in vitro. We have previously established (Rivoal et al. 1996 , Rivoal et al. 1998 , Rivoal et al. 2001 ) that green algal PEPCs are distinct from vascular plant and prokaryotic PEPCs kinetically, immunologically as well as structurally. They also appear to have an N-terminal domain different from the conserved phosphorylation motif common to vascular plant PEPCs (Chollet et al. 1996 , Vidal and Chollet 1997 , Rivoal et al. 1998 ). This raises the possibility that phosphorylation of green algal PEPCs may exert distinct effects from what has been observed with vascular plant PEPCs.
Phosphorylation influences the structural organization and activity of S. minutum Class 2 PEPCs
Our results provide compelling evidence that phosphorylation status is involved in the molecular organization of Class 2 PEPCs in S. minutum. In vitro treatment of isolated PEPC2 with PP2A 2 modified the enzyme's elution profile during Superose 6 FPLC, such that there was a significant shift towards higher M r values (Fig. 4) . This can be explained by a partial oligomerization of PEPC2 to form higher M r isoforms; i.e. PEPC3 and PEPC4. Inclusion of the specific PP2A inhibitor microcystin-LR in the dephosphorylation reaction mixture prevented this M r shift from occurring. This implies that PP2A 2 activity per se and not just the mere presence of the PP2A 2 protein itself was responsible for the shift in PEPC2's elution profile during Superose 6 FPLC. These findings suggest that: (i) purified PEPC2 contains phosphoaminoacid(s), and (ii) dephosphorylation of these residues causes a rearrangement/ oligermization of PEPC2 subunits to form higher M r forms. From these results, it is tempting to hypothesize that S. minutum Class 2 PEPC isoforms (i.e. PEPC2, PEPC3 and PEPC4) that contain varying combinations of identical p102 and p130 subunits (Rivoal et al. 2001) arise from differential phosphorylation of one or several subunits. This hypothesis is supported by the results presented in Fig. 5 and Table 1 . Class 2 PEPC activity was purified under conditions designed to inhibit endogenous phosphatase activity. Under such conditions, Class 2 PEPC activity had a greater retention time during Superose 6 FPLC (Fig. 5) . Thus, when purified in the presence of phosphatase inhibitors, Class 2 PEPCs are evidently more phosphorylated and exhibit lower apparent M r values. In the absence of these inhibitors, Class 2 PEPCs are putatively less phosphorylated and elute from the Superose 6 column with higher apparent M r values. The 6-fold difference in final specific activities of partially purified Class 2 PEPCs between +/-phosphatase inhibitor treatments (Table 1) is quite substantial and is indicative of a potential control mechanism. Oligomerization/ dephosphorylation of S. minutum Class 2 PEPCs would potentially serve to increase their activity in vivo. These results are reminiscent of in vitro studies suggesting the occurrence of a dimer to tetramer conversion in maize C4 PEPC (Walker et al. 1986 ) and C. argenta CAM PEPC (Wu and Wedding 1985) . Such interconversions, however, do not appear to arise from alterations in the enzyme's phosphorylation status, and are not believed to be important in the in vivo control of vascular plant PEPCs (McNaughton et al. 1989 , Chollet et al. 1996 .
In conclusion, our results provide circumstantial evidence that under the culture conditions employed: (i) S. minutum Class 1 and Class 2 PEPC isoforms exist in vivo mainly in their dephospho-and phospho-forms, respectively, and (ii) phosphorylation brings about a significant reduction in the specific activity and native M r of S. minutum Class 2 PEPC. Additional studies are required to thoroughly compare the respective kinetic properties of the dephospho-and phospho-forms of green algal Class 1 and Class 2 PEPCs, identify the kinase(s) involved, their mechanism of action, as well as to determine the physiological conditions that may serve to modulate the in vivo phosphorylation status of green algal PEPC isoforms.
Materials and Methods
Cell culture and harvesting S. minutum (Naeg.) Collins (UTEX 2459) was cultured in chemostats maintained at 20°C under constant (light 120 E m -2 s -1 ) in Allen's medium (Allen 1968) containing 5 mM NO 3 -, using a steady state growth rate of 1 d -1 . Cells were harvested from the chemostat out-flow by centrifugation (10 min at 1,100´g). Pellets were resuspended in harvesting buffer pH 7.5, 20% (v/v) glycerol, 1 mM EDTA, 1 mM EGTA, 10 mM MgCl 2 , 0.1% (v/v) Triton X-100, and 5 mM malate) using 1 ml harvesting buffer per litre of culture out-flow. Resuspended pellets were frozen in liquid N 2 and stored at -80°C.
PEPC assay and large scale purification PEPC activity was assayed by coupling the PEPC reaction to the malate dehydrogenase (EC 1.1.1.37) reaction and monitoring NADH oxidation at 340 nm using a Dynatech MR-5000 microplate reader as previously described (Rivoal et al. 2001) . One unit (U) of PEPC activity is defined as the amount of enzyme resulting in the utilization of 1 mol PEP min -1 at 25°C.
For PEPC purification, quick-frozen cells (60 g) were thawed and brought to 1 mM EGTA, 2 mM dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, 2 mM 2,2¢dipyridyl, 10 g ml -1 pepstatin, 10 g ml
chymostatin, and 10 g ml -1 leupeptin. Cells were lysed by three passages though a French press at 18,000 psi. The purification of PEPC isoforms was performed as previously described (Rivoal et al. 2001) . Protein concentrations were determined using a Coomassie blue G-250 dye-binding method with bovine globulin as the protein standard (Bradford 1976 ).
SDS-PAGE and immunoblot analysis
SDS-PAGE and subunit M r determination was performed using mini-gels as described by Rivoal et al. (2001) using prestained calibrated molecular weight standards from Bio-Rad. Proteins were stained with Coomassie blue R-250. Immunoblotting was performed using subunit-specific, affinity-purified IgGs (Rivoal et al. 2001 ) after electroblotting protein from SDS mini-gels onto poly(vinylidene difluoride) membranes for 80 min at 125 V. Blotted polypeptides were detected using an alkaline phosphatase-tagged secondary antibody. The phosphatase reaction was routinely allowed to develop at 25°C for 20 min when analyzing crude extracts and 30-60 s when analyzing purified proteins. Image analysis and quantification of scanned gels and immunoblots was done using ImageJ, a public domain program available from http://rsb.info.nih.gov/ij/.
In vitro phosphorylation of purified PEPC
Purified PEPC was incubated with 50 mM HEPES-KOH (pH 7.5), 5 mM MgCl 2, 1 mM dithiothreitol, 50 mM microcystin-LR, and 100 mM [g-32 P]ATP (11,000 dpm pmol -1 ; ICN, Montréal, QC, Canada) at 25°C in a final volume of 20 ml. Aliquots were withdrawn at the specified times and analysed for 32 P-incorporation into the enzyme by SDS-PAGE and autoradiography.
Determination of
32 P incorporation stoichiometry into PEPC1
Various amounts of purified PEPC1 were subjected to in vitro phosphorylation and analyzed by SDS-PAGE as described above. Incorporation of 32 P-radioactivity into the enzyme's subunit (p102) was quantified by excising the protein-stained polypeptide from the gel, and solubilized by transferring it to a scintillation vial containing 100 ml 30% (v/v) H 2 O 2 and 10 ml CuSO 4 (Donato et al. 1988) . Following 16 h incubation at 25°C, 200 ml H 2 O and 3 ml scintillation fluid were added prior to determination of 32 P-radioactivity in a scintillation counter. A counting efficiency of 80% was used in the calculations.
Protein phosphatase 2A 2 treatment
Aliquots of PEPC1 (40 mg in 200 ml) and PEPC2 (70 mg protein in 200 ml) were subjected to microdialysis (2´1.5 h) against 500 ml dephosphorylation buffer (50 mM HEPES-KOH, pH 7.0, containing 1 mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, and 20% (v/v) glycerol). Microdialysis was carried out in Eppendorf tubes according to the "waterbug technique" (Orr et al. 1995 ) using a Spectrapor dialysis membrane (mol. wt cut-off = 3.5 kDa). Aliquots of PEPC (20 mg or approximately 0.7 U of PEPC activity) were incubated for 30 min at 30°C 5 mU bovine kidney PP2A 2 (Calbiochem, San Diego, CA, U.S.A.) in a final volume of 100 ml, and then immediately analyzed by Superose 6 gel filtration FPLC.
Analytical PEPC purification
Analytical PEPC purification was conducted using 10 g of quickfrozen S. minutum cells in the presence or absence of the phosphatase inhibitors NaF and microcystin-LR. During purification in the presence of phosphatase inhibitors, 25 mM NaF was included in the extraction and all chromatography buffers, whereas 50 mM microcystin-LR was added to the extraction buffer and to all buffers used to store the enzyme between chromatographic steps. The purification protocol was as previously described (Rivoal et al. 1996 , Rivoal et al. 2001 , except that the first chromatographic step on Butyl Sepharose Fast Flow was scaled down 5-fold by using 6 ml of the hydrophobic resin with correspondingly reduced gradient and fraction volumes. Subsequent anionexchange and gel filtration FPLC on Fractogel EMD DEAE-650(S) and Superose 6 HR 10/30 columns, respectively, were as described previously (Rivoal et al. 1996 , Rivoal et al. 2001 except that a single Superose 6 column was used for the Class 2 PEPCs instead of two columns connected in tandem.
Analytical Superose 6 gel filtration FPLC
Unless otherwise stated, analytical gel filtration FPLC was performed using a Superose 6 HR 10/30 column pre-equilibrated with 25 mM HEPES-KOH (pH 7.5) containing 20% (v/v) glycerol, 50 mM KCl, 1 mM EDTA, 5 mM MgCl 2 , 5 mM malate, and 2 mM dithiothreitol. The flow rate was 0.2 ml min -1 and 0.4 ml fractions were collected. For estimation of native M r , a plot of the partition coefficient (K av ) vs. log M r was constructed using the following protein standards: chymotrypsinogen A (25 kDa), ovalbumin (43 kDa), BSA (67 kDa), aldolase (158 kDa), catalase (232 kDa), ferritin (440 kDa), and thyroglobulin (669 kDa).
